Tissue factor (TF) mRNA expression was measured by in situ hybridization in the endothelium of the intact human umbilical vein after infection with Rickettsia rickethii. At 4 hours, R rickeftsii organisms were clearly visible within approximately 70% of endothelial cells by immunocytochemical staining. Quantitation of TF mRNA expression revealed that the level within endothelial cells of the infected vein was significantly greater (3.7-fold, P c .0001) than that detected in uninfected endothelial cells. Serial sections of the umbilical cord vein were processed for in situ hybridization, and immunocytochemical staining and showed TF expression in those endothelial cells that contained R rickettsii ISSUE FACTOR (TF) serves as a receptor and essential cofactor for factor VII, forming the TF-factor VIIa complex, which can activate factors in both the extrinsic and the intrinsic pathways of coagulation.',' Experimental evidence using animal models suggests that the TF pathway appears critical in pathologic thrombotic lesion^.^-^ Both endothelial cells and monocytes, which exhibit little constitutive expression of TF, can be induced to express TF in vitro by a variety of soluble stimuli, resulting in rapid, transient expression."" Inflammatory cytokines including interleukin-1 ,* tumor necrosis factor-~x,'.'~ bacterial lipop~lysaccharide,~ immune complexes,'* and infectious agents such as Rickettsia rickettsii infection,""' are among the known inducers of endothelial cell TF expression in vitro. As such expression in vivo could trigger activation of coagulation, its expression must be highly regulated.
ISSUE FACTOR (TF) serves as a receptor and essential cofactor for factor VII, forming the TF-factor VIIa complex, which can activate factors in both the extrinsic and the intrinsic pathways of coagulation.',' Experimental evidence using animal models suggests that the TF pathway appears critical in pathologic thrombotic lesion^.^-^ Both endothelial cells and monocytes, which exhibit little constitutive expression of TF, can be induced to express TF in vitro by a variety of soluble stimuli, resulting in rapid, transient expression."" Inflammatory cytokines including interleukin-1 ,* tumor necrosis factor-~x,'.'~ bacterial lipop~lysaccharide,~ immune complexes,'* and infectious agents such as Rickettsia rickettsii infection,""' are among the known inducers of endothelial cell TF expression in vitro. As such expression in vivo could trigger activation of coagulation, its expression must be highly regulated.
While in vivo expression of TF by monocytes has been clearly doc~mented,'~"~ attempts to document TF expression by endothelial cells in vivo and ex vivo have been unsuccessful, despite clear expression in culture. We have previously reported on R rickettsii infection as a potent inducer of endothelial cell TF expression in vitro.I3 Infection of humans or animals with R rickettsii in nature involves the vascular endothelial cell and results in early activation of coagulation and antifibrinolytic mechanisms,'" which contributes to the microvascular thrombosis that occurs early in the course of Rocky Mountain Spotted Fever, rickettsialpox, and other 
MATERIALS AND METHODS
R rickettsii infection of umbilical veins. R rickettsii organisms were propagated in Vero cells as previously des~ribed.~' Inoculum consisted of a lysed Vero cell suspension. Human umbilical cords were obtained immediately after Caesarean section delivery, divided into three sections of equal length, cannulated, perfused with McCoy's Sa medium (Life Technologies, Gaithersburg, MD) containing 1% fetal bovine serum to remove blood, then perfused, and filled with McCoy's Sa medium containing 1% fetal bovine serum, Nutridoma (Boehringer Mannheim Biochemicals, Indianapolis, IN), and S X los plaque-forming units (pfu)/mL R rickettsii or medium alone.
Buffers used for perfusion were kept at 37°C and cord sections were incubated at 37°C by immersion in warm cord buffer. At various time points, a l-cm thick section of cord distal to the cannulated end of the cord was isolated by tying the distal end with a suture silk and then severed, allowing the same cord section to be sampled at numerous time points. Cord sections were then cut into 2-to 3-mm thick sections with a scalpel, placed immediately into formalin, and then imbedded in Sections (4-pm thick) were applied to glass slides that had been washed with sulfuric acid and treated with 3-ammonium-propyltriethoxysilane (TES; Aldrich Chemical, Milwaukee, WI The antisense orientation of the riboprobe is designated with a plus (+) after the sense orientation of the riboprobe is designated with a minus (-) after the plasmid name, as it is used to detect background levels of silver grains in the absence of specific mRNA expression.
Construction of templates and riboprobe synthesis. All recombinant DNA methodology was performed as des~ribed.'','~ The riboprobes were made using the pGEM family of RNA transcription vectors from Promega (Madison, WS). The 3' end of the vWf cDNA (pvWE6, a gift from Dr Robert Handin, Harvard University, Cambridge, MA) was subcloned into the EcoRI site of pGEM3Z in the antisense and sense orientation with respect to the T7 promoter. The resulting plasmids were designated pHvWf12 and pHvWf29, respectively. The y-actin insert was subcloned into the EcoRI site of pGEM3Z as previously described." The human TF probe was prepared by subcloning the BamHI-Hind111 fragment spanning position 88-1 358 of the cDNA, pKS2B (a gift from Dr W. H. Konigsberg, Yale University, New Haven, CT), into the Sau3A1, a BamHI compatible sticky end, and the Hind111 sites of pGEM3Z. DNA templates for riboprobe synthesis were prepared by truncation with an appropriate restriction enzyme (see Table l ), and RNA synthesis was performed as previously d e~c r i b e d .~~~'~ Probes were labeled to a specific activity of 2.93 X lo7 c p d p g using ['HI-cytidine triphosphate (CTP) and ['HI-uridine triphosphate (UTP) (DuPont New England Nuclear, Boston, MA). The antisense orientation of the riboprobe was designated with a plus (+) addition to the plasmid name, and the sense orientation, with a minus (-) addition.
In situ RNA:RNA hybridization. In situ hybridization was performed essentially as d e s~r i b e d .~~~" . '~ Cord sections were treated with 1 pglmL proteinase K to permeabilize the tissue for penetration of the probe. To produce fragments of approximately 50 to 150 nucleotides (nt) in length, RNA probes were hydrolyzed with sodium carbonate at 60°C for the time in minutes calculated according to the formula (N kb -0.3) t (N kb)(0.0321), where N equals the full-length of the riboprobe in kilobases (kb). The reaction was quenched with the addition of cold acetic acid on ice. Hydrolyzed RNAs were precipitated with ethanol using yeast tRNA as a carrier, and the resulting pellets were dried in vacuo and dissolved in 20 pL sterile ddHzO. Full-length and hydrolyzed riboprobes were analyzed by RNA denaturing gel electrophoresis using vertical, 2% agarose gels in 10 mmol/L phosphate b~ffer.'~ A 1-pL aliquot of the hydrolyzed riboprobe was used for determination of acid precipitable c~u n t s .~~~~~
The hydrolyzed TF and y-actin riboprobes were applied to tissue sections at 100% saturation based on the formula: 0.3 pg/ mL./kb probe complexity. The vWf riboprobes were applied to the tissues at 43% saturation calculated from 100% saturation of the shortest probe, ie, TF. Hybridization buffer consisted of 50% formamide, 0.3 m o m NaCl, 20 mmoVL Tris-HC1 @H KO), 1 mmoU L EDTA, 1 X Denhardt's (0.02% each bovine serum albumin, Ficoll, and polyvinylpyrolidone), 500 pg/mL yeast tRNA, and 10% dextran s~l f a t e .~~.~~ After hybridization for 14 to 18 hours at 4YC, excess probe was digested with RNase A (20 pg/mL) and RNase T1 ( 1 U/ mL). The slides were then washed: first at room temperature in 2 x SSC (1X = 0.15 moVL NaCl, 0.015 moVL sodium citrate, pH 7.0) for 15 minutes, followed by a high stringency wash in 0.1 X SSC at 60°C. The slides were then dipped in NTB-2 emulsion (Eastman Kodak, Rochester, NY) and then exposed to X-ray film for 8 weeks at 4°C. After photographic development, slides were counterstained in filtered Mayer's hematoxylin and eosin to visualize tissue and cell morphology by bright-field microscopy; silver grains were visualized under dark-field microscopy. All slides were photographed using Kodak Ektar 100 color print film using a Nikon Optiphot (Melville, NY).
Statistical analysis. The relative abundance of mRNA species localized to endothelial cells by hybridization with antisense probes and background levels of silver grains demonstrated with sense probes were determined by counting the silver grains from laser copy enlargements of 3.5 X 5-inch color prints by readers who were blinded as to specificity of the probe or the treatment condition. The data were derived from counts of 158 to 219 cells obtained by two of the five observers. Statistical comparisons among mean silver grain counts in the experimental conditions were made using a twoway analysis of variance (ANOVA). The two factors were sample (two levels) and probe (three levels). Specific painvise comparisons of interest were tested using contrasts. A reliability test was performed to determine the extent of differences in counting among the five observers. These observers scored the same 100 cells, and the resulting data were analyzed by a two-way ANOVA, which indicated that although statistically significant differences occurred among the five observers ( P .OOOl), the maximum difference among the means for each observer was only two grains per cell. The possibility that the experimental results may have been biased by systematic differences among observers was minimized in that two different observers counted cells for each of the six combinations submitted to ANOVA. To determine whether the distribution of infected endothelial cells around the circumference of the umbilical vein was random, cells were scored in sequence as to whether or not they contained organisms, and then a x' test was performed based on expected frequencies of successive pairs of observations under the hypothesis of randomness.
RESULTS
Immunocytochemical staining for vWf was used to identify endothelial cells lining the umbilical vein (Fig la) . The vWf antigen was seen within cells often as punctate granules (arrow), likely representing Weibel-Palade as well as in the subendothelium (arrowhead). Endothelial cells exhibited variable morphology, appearing both as flat and as rounded, protuberant cells. Except for occasional denuded areas, the endothelial lining of the majority of the vein in most sections was intact. R rickettsii organisms were shown by immunocytochemical staining as discrete, punctate entities (Fig lf, arrow) within the cytoplasm of the endothelial cells, but not in subendothelial structures. In the tissue section analyzed, 67% of umbilical vein endothelial cells contained one or more organisms at 4 hours, a value that likely represented an underestimate because only a fraction of the total cell was assessed in each tissue section. Organisms were distributed nonrandomly around the circumference of (Fig 2a) , with less TF mRNA expression in endothelial cells of control umbilical veins (Fig 2b) . Identity of endothelial cells in both infected (Fig 2c) and control (Fig 2b) cords was verified by the presence of vWf mRNA. Actin mRNA expression was abundant throughout both infected (Fig 2e) and control (Fig 2f) cords. The background levels of hybridization determined with the sense probes for TF, vWf, and y-actin were similar; hence, only background levels of silver grains detected with the y-actin sense riboprobe are shown (Fig 2g) . In a limited number of examples, the same cells were subjected to the in situ hybridization procedure and immunocytochemical staining (Fig If and g) , showing clearcut TF expression in endothelial cells infected by R rickettsii. Brackets mark the same endothelial cell in the serial sections.
After the in situ hybridization procedure, endothelial cells were photographed, and the number of silver grains per endothelial cell was scored by two of five blinded observers, with the variability of scoring not exceeding two silver grains per cell. Results of this quantitation are shown in Fig 3. Significantly less y-actin expression was seen in endothelial cells of infected versus control veins (P < .0001). Nevertheless, TF expression was significantly higher in endothelial cells of infected versus control veins ( P < .0001). As assessed by pairwise comparison of data collected using antisense and sense probes, a slight positive signal for TF expression was seen in endothelial cells of control veins (P < .0001).
Immunocytochemical staining of umbilical vein sections for TF antigen was performed using sections obtained after 6 hours, a time point chosen on the basis of peak expression of TF activity in cultured human umbilical vein endothelial cells after R rickettsii infe~ti0n.l~ Although TF antigen was detected in and around stratified squamous epithelial cells lining the umbilical cord (Fig IC, asterisk) and in macrophages (Fig Id, arrow) and fibroblasts (Fig le, arrowhead) within the mucoid connective tissue (Wharton's jelly), no TF antigen was detected within or associated with the endothelial cells (Fig lb, arrows) .
DISCUSSION
In the present study, endothelial cell expression of TF mRNA was demonstrated in an intact umbilical vein after infection with R rickettsii. Such intracellular infection, which 177 results in rapid, transient expression of TF in vitro, occurred readily after perfusion of umbilical vein segments with inoculum. At 4 hours, a time point at which peak R rickettsiiinduced TF mRNA expression occurs in vitro, TF mRNA expression was detected in the endothelium of infected veins.
Greater expression of y-actin was detected in the endothelium of control veins in comparison with R rickettsii-infected veins ( P < ,0001). This effect may have been due to mRNA integrity being more highly preserved in the control cord segment, in which case the increase in endothelial cell TF expression in the infected cord segments is perhaps even greater than indicated by the absolute values (Fig 3) . We cannot rule out that an infection-related decrease in expression of this housekeeping gene occurred. Slight but statistically significant TF expression was apparent in the endothelium of control veins, possibly due to a manipulation of the cord, changes in flow, or a response to infusion of heterologous serum.
Although TF antigen was detectable in macrophages, epithelial cells, and fibroblasts of the cord, we were unable to demonstrate expression of TF antigen in the endothelial cells by immunocytochemistry. It is likely that either TF antigen was present within the endothelium at levels below the limit of detection, or that TF synthesis had not yet occurred owing to the lag period that exists between peak mRNA and antigen expression." It is possible that even miniscule amounts of TF antigen, undetectable by standard immunocytochemical staining techniques, could greatly affect the thrombogenic properties of the vascular endothelium in vivo. A translationdependent mechanism may exist to prevent the transient expression of the TF gene. A precedent may exist for mRNA accumulation in the absence of translation. The presence of the AU-rich region, found in the 3' untranslated region (3'-UTR) of the TF mRNA and other mRNA specie^"^^' and shown to confer in~tability,~'.~ has been shown to impose a translation bl~ckade.~' Two species of TF mRNA are detected by Northern hybridization in endothelial cells after ~timulation,'~ with the larger species resulting from retention of the first intron.42 It is possible that a portion of the accumulated TF mRNA detected in the R rickettsii-infected endothelial cells ex vivo is due to the presence of the unspliced, hence nontranslatable, mRNA. +I (a, b) , pHvWflZ(+) (c, d), pHIFy-actin(+) (e, f), and pHIFy-actin(-) (g) were used. The antisense orientation of the riboprobe is designated with a plus (+) after the plasmid name, as it detects the positive expression of the mRNA, whereas the sense orientation of the riboprobe is designated with minus (-) after the plasmid name, as it is used to detect background levels of silver grains in the absence of specific mRNA expression. Open arrows in all panels point to endothelial cells, Prior attempts to demonstrate TF expression in endothelium using ex vivo model systems resulted either in none being detected, or in inconclusive results concerning the cell of origin. An increase in TF activity of isolated rabbit aorta was observed after infusion of interleukin-1,43 but the source of activity may have been extravascular tissues, and a similar ambiguity was noted in an umbilical vein model." Other investigators did not detect an increase in TF activity in isolated human saphenous veins after perfusion with thrombin or endotoxin: although antigen was detected by immunocytochemical and immunogold staining in subendothelial vesicle-like structures in isolated bovine aortic segments after incubation with tumor necrosis factor?"
The endothelial cells of the umbilical vein may not precisely mirror the behavior of the endothelial cell in vivo, where numerous factors may influence TF expression, including participation of inflammatory processes. In vivo, monocytes expressing TF that are localized to areas of inflammation by interaction with activated endothelial cells may be the primary contributors of TF activity:' In normal tissues, the endothelium has been found repeatedly to be devoid of TF mRNA by in situ hybridization4* and of TF antigen by immunohistochemical staining?*-" Endothelial cell-specific TF immunoreactivity was demonstrated only rarely in inflamed vessels of human placenta?" In studies of E-selectin and TF expression in baboons with lethal Escherichia coli sepsis:' endothelial expression of TF antigen was seen only occasionally in the microvasculature of the spleen, and its appearance did not correlate with other markers of endothelial cell activation.
In summary, infection of endothelial cells with R rickettsii has provided us with a system to allow clear demonstration, ex vivo, of inducible endothelial cell expression of TF mRNA. Given the striking vascular effects of R rickettsii infection in the human host with Rocky Mountain Spotted Fever, these observations may provide a foundation for un- For personal use only. on October 22, 2017. by guest www.bloodjournal.org From
